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Liver receptor homolog-1 (LRH-1) is an orphan nuclear receptor that is critical for the growth and
proliferation of cancer cells and other biological processes, including lipid transportation and meta-
bolism, sexual determination and steroidogenesis. However, because homozygous lrh-1/ mice die in
utero, the regulatory mechanisms involved in embryonic development mediated by this receptor are
poorly understood. In the present study, we performed transcription activator-like effector nuclease
(TALEN)-mediated loss-of-function assays, taking advantage of zebraﬁsh external fertilization, to
investigate the function of lrh-1. The digestive organs were affected by lrh-1 depletion as a result of cell-
cycle arrest (at the checkpoint of G1 to S phase), but not cell apoptosis. Biochemical analysis revealed that
LRH-1 augments the transcriptional activity of b-catenin 1 and 2 via physical interactions. Screening the
speciﬁc ligand(s) sensed by LRH-1 during organogenesis revealed that phosphatidylcholine (PC), a po-
tential ligand, is the upstream target of LRH-1 during endoderm development. These data provide evi-
dence for the crosstalk between the PC/LRH-1 and Wnt/b-catenin signaling pathways during the
expansion growth of endoderm organs.
Copyright © 2017, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, and
Genetics Society of China. Published by Elsevier Limited and Science Press. All rights reserved.1. Introduction
Liver receptor homolog-1 (LRH-1), also known as NR5A2, is an
orphan nuclear receptor that binds as a monomer to the extended
half site Y(C/T)CAAGGYCR(A/G). LRH-1 belongs to the NR5A sub-
family (also known as Ftz-F1 subfamily), which contains four
members: NR5A1, NR5A2, NR5A3 and NR5A4 (Fayard et al., 2004).
LRH-1 controls the cholesterol and bile acid synthesis pathways,
which regulate hepatic and intestinal sterol homeostasis (del
Castillo-Olivares et al., 2004; Pare et al., 2004). For bile acid syn-
thesis and transportation, LRH-1 mediates the expression of four
important genes: cyp7a1, cyp8b1 (del Castillo-Olivares and Gil,
2000; del Castillo-Olivares et al., 2004), mpr3 (Bohan et al., 2003)
and ABST (Chen et al., 2003). LRH-1 has been implicated in the
regulation of many genes in high-density lipoprotein (HDL) meta-
bolism and reverse cholesterol transport, including ApoA-IDevelopmental Biology, Chinese A(Delerive et al., 2004), Apo-M (Venteclef et al., 2008), CETP (Luo
et al., 2001), SRBI (Schoonjans et al., 2002), ABCG5/ABCG8 trans-
porters (Freeman et al., 2004) and MTP (Huang et al., 2007).
In mice, lrh-1 is initially expressed in the yolk sac endoderm,
branchial arch and neural crest cells on embryonic day 7.5 (E7.5).
lrh-1 is abundantly expressed in the foregut endoderm and pro-
gressively expressed in the liver, pancreas and intestine during
development (Rausa et al., 1999). In the aforementioned tissues,
lrh-1 is up-regulated during carcinogenesis, as evidenced in intes-
tinal tumors (Schoonjans et al., 2005; Bayrer et al., 2015), pancreatic
cancer cells (Benod et al., 2011), and hepatocellular carcinoma cells
(Wang et al., 2005). lrh-1 knockdown leads to cell cycle arrest in
pancreatic cancer cells and alters gene expression programs, indi-
cating that LRH-1 is involved in transcriptional programs that
govern cell proliferation (Benod et al., 2011). The evolutionarily
conserved canonical Wnt/b-catenin signaling pathway regulates
cell proliferation, cell fate determination and survival (Moon et al.,
2002; Logan and Nusse, 2004; Clevers, 2006). LRH-1 regulates the
transcription of cyclin D (ccnd), cyclin E (ccne) and v-myc aviancademy of Sciences, and Genetics Society of China. Published by Elsevier Limited and
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targets ofWnt/b-catenin signaling (Shtutman et al., 1999; Tetsu and
McCormick, 1999; Botrugno et al., 2004; Wagner et al., 2010; Benod
et al., 2011). LRH-1, Wnt/b-catenin signaling and the crosstalk be-
tween them have been studied in the context of tumor formation
(Morin et al., 1997; Korinek et al., 1997; Taniguchi et al., 2002;
Tokumoto et al., 2005; Pasca di Magliano et al., 2007; Benod
et al., 2011; Mir et al., 2016). Mouse LRH-1 interacts with b-cat-
enin via armadillo repeats (AR) on b-catenin and the D hinge and E
ligand-binding domain (DE region) on LRH-1 (Botrugno et al.,
2004). Thus, the therapeutic value of small molecule antagonists
of LRH-1 has been explored to inhibit cancer cell proliferation and
diminish the transcriptional activity and expression of the target
genes (Benod et al., 2013; Corzo et al., 2015; Evason et al., 2015).
Wnt/b-catenin signaling regulates endoderm development in
vertebrate species (Ober et al., 2006; Goessling et al., 2008; Poulain
and Ober, 2011; Lancman et al., 2013; Lu et al., 2013). Studies of
Wnt/b-catenin signaling in this process have primarily focused on
stage hepatopancreas progenitor speciﬁcation (e.g., Wnt2 and
Wnt2bb) in the lateral plate mesoderm (LPM) (Ober et al., 2006;
Poulain and Ober, 2011; Lancman et al., 2013; Lu et al., 2013).
Conditional Wnt8a activation from 48 to 72 hours post fertilization
(hpf) produced a 2-fold increase in liver size, indicating that Wnt
signaling plays a critical role in the proliferation of differentiated
hepatocytes (Goessling et al., 2008). However, little is known about
the factors involved in expansion growth of organs in vertebrate
species, when cells in organs undergo rapid proliferation. As ho-
mozygous lrh-1 knockout mice die before birth (Botrugno et al.,
2004), the precise mechanism of LRH-1 in development has been
difﬁcult to examine. Taking advantage of zebraﬁsh external fertil-
ization, we utilized TALEN-mediated loss-of-function assay of lrh-1
to elucidate the precise regulatory mechanisms involved in endo-
derm organ development by LRH-1.
The LRH-1 ligand-binding pocket binds various phospholipids
(PL), including phosphatidylcholine (PC), phosphatidylethanol-
amine (PE), phosphatidylserine (PS), phosphatidylglycerol (PG), and
phosphatidylinositol-phosphates (PIPs), which are classiﬁed as
novel hormones (Krylova et al., 2005; Li et al., 2005; Ortlund et al.,
2005). Previous studies have shown that binding to PL-ligands fa-
vors the interaction of LRH-1 with transcriptional coactivators to
regulategeneexpression (Krylovaet al., 2005; Li et al., 2005;Ortlund
et al., 2005). Themost abundant lipids in theyolk cell are cholesterol,
phosphatidylcholine and triglyceride. Lecithotrophs rely on
maternal yolk for the nutrients and energy needed for embryonic
growth (Allen and Pernet, 2007; Fraher et al., 2016). Essential fatty
acids and other nutrients needed for development, such as choline,
are storedwithin the yolk cell andmobilizedwhenneeded in teleost
ﬁsh (Wiegand, 1996). Zebraﬁsh is a lecithotrophic organism that
relies onyolk contents for nutrition throughout development until 5
days post fertilization (dpf), when it commences feeding. These re-
sults suggest that lipid metabolism might be required for zebraﬁsh
embryonic development or gene expression.
In the present study, we provide a model in which LRH-1 spe-
ciﬁcally activates Wnt/b-catenin signaling to maintain the expres-
sion of its target genes. We demonstrate that PC is the upstream
target of LRH-1 during endoderm development and provide evi-
dence for the crosstalk between the PC/LRH-1 and Wnt/b-catenin
signaling pathways during the expansion growth stage of digestive
organs in zebraﬁsh.
2. Results
2.1. lrh-1 knockout lines and general phenotypes
lrh-1 knockout zebraﬁsh were generated using a TALENtargeting procedure (Huang et al., 2011). The DNA sequence of lrh-1
was obtained from the NCBI website (GenBank accession No.
AF014926.1), and the region in the second exon containing the
EcoR V restriction site was targeted for knockout. The forward arm
is 20 bp in length (F arm: 50-CCAGTGTGCGGAGACAAGGT-30), and
the reverse arm is 18 bp in length (R arm: 50-
GGGTTGCTGACCTGTGAG-30). Identiﬁcation of the undigested
ampliﬁed 517-bp fragment of the target region containing EcoR V
from individual tail DNA was used for mutant screening. The
mutant lrh-1 locus was subsequently conﬁrmed by DNA
sequencing. Putative zebraﬁsh lrh-1 encodes a protein of 517 amino
acids. However, the putative translation products with pre-mature
stop codons of the two mutant lines contain only 61 and 59 amino
acid residues.
Two independent mutant lines missing 4 bp or 5 bp in the tar-
geting region were obtained (Fig. 1A). lrh-1 depletion resulted in
zebraﬁsh larvae lethality from 9 to 14 dpf (Fig. 1B). External fertil-
ization of zebraﬁsh embryos facilitated the study of the defects
resulting from lrh-1 depletion. We observed that lrh-1/ zebraﬁsh
larvae exhibited smaller livers and swim bladders as well as thinner
intestines, as evidenced under a dissection microscope (Fig. 1CeH).
We also examined the expression pattern of lrh-1 during early
embryonic development using RT-PCR. We observed that lrh-1was
expressed starting at the shield stage with no presence of maternal
lrh-1 mRNA detected prior to the shield stage, and its expression
subsequently gradually increased over time (from 6 somites stage
to 72 hpf) (Fig. 1I). The spatio-temporal expression pattern of lrh-1
indicated that lrh-1 was restricted to the liver, exocrine pancreas,
intestine, spinal cord, pituitary gland, pharyngeal arches, and
Merckel's cartilage (Fig. 1JeR). In situ hybridization for lrh-1 on
lfabp:dsRed/ela2:GFP transgenic ﬁsh (TG) at 5 dpf demonstrated
that the expression of lrh-1 was restricted to the liver and exocrine
pancreas (Fig. 1SeW), indicating that LRH-1 may be involved in
early embryonic development, particularly endoderm
organogenesis.
2.2. lrh-1 is required for the expansion growth of digestive organs
In situ hybridization using probes directed against liver fatty acid
binding protein (lfabp), intestinal fatty acid binding protein (ifabp),
insulin and trypsinwas performed at 96 hpf on control siblings and
lrh-1/ larvae. The results demonstrated that the liver, intestine,
endocrine pancreas and exocrine pancreas were signiﬁcantly
smaller in lrh-1/ larvae (100%) compared with control siblings
(Fig. 2AeL). To further ensure that the phenotype changes did not
reﬂect variations in gene expression, we performed in situ hy-
bridization assays using different probes for the liver (cerulo-
plasmin) and exocrine pancreas (elastase 2 and carboxypeptidase
A4). Thesemarkers showed similar patternswith lfabp, ifabp, insulin
and trypsin in lrh-1/ larvae, i.e., their expression in the nominated
area at 96 hpf was smaller than that in control larvae (data not
shown). A morpholino (lrh-1-tMO) speciﬁcally targeting the
translation start site of lrh-1 was employed to knockdown
the expression of lrh-1 in zebraﬁsh. Similar to those observed in
lrh-1/ larvae, lrh-1-tMO morphants at 72 hpf also showed
hypoplastic livers and exocrine pancreases (59.6%, n¼ 47) as well as
intestines (41.8%, n ¼ 55) (Fig. 2MeP).
We crossed a lfabp:dsRed/ela2:GFP transgenic (TG) ﬁsh with a
lrh-1þ/ ﬁsh and subsequently in-crossed lfabp:dsRed/ela2:GFP/
lrhþ/ ﬁsh to obtain an F2 population. Among the F2 population,
nearly 25% were lfabp:dsRed/ela2:GFP/lrh/. Compared with their
lfabp:dsRed/ela2:GFP/Con siblings, 100% lfabp:dsRed/ela2:GFP/lrh-
1/ ﬁsh showed decreased size of liver and exocrine pancreas at 5
dpf (Fig. 2Q and R), as evidenced after measuring the size of the
liver and pancreas using ImageJ software (Fig. S1A). The
Fig. 1. Generation of lrh-1-deﬁcient zebraﬁsh.A: Chromatograms of the DNA sequences of control sibling and lrh-1/ larvae. Two independentmutant lines, lrh-1/-1 and lrh-1/-2,
contained deletions of 5 bp and4 bp, respectively. The restriction digestive site of EcoRVwasused for genotyping (highlighted in redbox).B: All lrh-1/ zebraﬁsh progenies died during
9e14 dpf. CeH: The generalmorphological appearance of control larvae (Con, C) and lrh-1/ larvae (D and E) at 120 hpf. FeH: The enlargedﬁgures of the boxed area in CeE. The liver is
outlinedwith red dotted circles, and the intestine is outlined withwhite dotted circles. I: lrh-1 expression assayed via RT-PCR during early embryonic development, indicating a lack of
maternal lrh-1mRNA prior to the shield stage. JeR: Spatio-temporal expression pattern of lrh-1 observed using whole-mount in situ hybridization. J,M and P: Lateral view anterior to
the left. K,N andQ: Dorsal view anterior to the top. L,O and R: Ventral view anterior to the top. P: pituitary, SP: spinal cord, PA: pharyngeal arches, MC: Merckel's cartilage, L: liver, EP:
exocrine pancreas, I: intestine. SeW: lrh-1 expression in the liver and exocrine pancreas. The pictures of lfabp:dsRed/ela2:GFP larvae at 120 hpfwere obtained and processed forwhole-
mount in situ hybridization.
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lrh-1/ ﬁsh by ﬂuorescence-activated cell sorting (FACS) showed a
35.5% decrease in ﬂuorescent cells compared with lfabp:dsRed/
ela2:GFP/Con siblings (2.0% versus 3.1%) (Fig. 2S and T). Notably, lrh-
1/ larvae did not show poor growth performance or general
developmental delays at 5 dpf (Figs. 1CeH and S1B). Moreover,
alkaline phosphatase staining showed that, compared with the
liver and intestine in lrh-1/ larvae at 4 dpf, the development of
pronephric ducts, a mesoderm-derived organ, was unaffected
(Fig. 2UeW).
We fed paramecia labeled with ﬂuorescent dye to control larvae
and lrh-1/ larvae at 6 dpf to assess digestive ability. The ﬂuo-
rescence intensity was scanned at multiple time points after
paramecia intake, and a signiﬁcant delay of approximate 2 days in
ﬂuorescence breakdown was observed in lrh-1/ larvae. These
data indicate that the ability of digestive organs was severely
impaired (Fig. S2).
In zebraﬁsh, failures in both budding and growth of digestive
organs can lead to the similar phenotype observed in lrh-1/
larvae (Wells and Melton, 1999; Deutsch et al., 2001; Zaret, 2002).
We subsequently examined cell speciﬁcation and bud formation inlrh-1/ embryos at 24 and 48 hpf. Examination using probes
directed against pancreatic-duodenal homeobox 1 (pdx1), hema-
topoietically expressed homeobox (hhex), prospero homeobox 1
(prox1) and pancreas speciﬁc transcription factor 1a (ptf1a) did not
show differences between the control siblings and lrh-1/ em-
bryos. These results demonstrated that lrh-1 is not responsible for
speciﬁcation and budding in digestive organs (Fig. S3).
We subsequently performed pH3 immunoﬂuorescence assays to
assess the G2 to M phase transition and BrdU incorporation ex-
periments to assess the G1 to S phase transition. Immunoﬂuores-
cence staining of 72 hpf embryos and cryosections revealed that the
proportion of pH3-positive cells in lrh-1/ digestive organs was
lower than that in control embryos (Fig. 3AeF). Moreover, the
proportion of BrdU-positive cells was signiﬁcantly decreased in the
lrh-1/ liver (23.6 ± 4.2% and 18.6 ± 7.4% versus 31.7 ± 6.5% in
control), pancreas (12.9 ± 5.6% and 10.6 ± 5.5% versus 23.5 ± 5.2% in
control) and intestine (5.5 ± 2.8% and 5.9 ± 3.1% versus 12.7 ± 4.4%
in control) (Fig. 3GeJ). The results of the TUNEL assay revealed that
lrh-1/ embryos did not show any elevated apoptosis compared
with control siblings (Fig. S4). We subsequently sorted the
ﬂuorescence-positive cells from lfabp:dsRed/ela2:GFP/Con and
Fig. 2. lrh-1 is required for digestive organ development. AeC: In situ hybridization using the liver probe against lfabp. DeI: In situ hybridization using the endocrine and exocrine
pancreas probes against insulin (DeF) and trypsin (GeI). JeL: In situ hybridization using the intestine probe against ifabp. lrh-1/-1 larvae (B, E, H, and K), lrh-1/-2 larvae (C, F, I,
and L) and control siblings (A, D, G and J) were collected and analyzed at 96 hpf.MeP: In situ hybridization using probes against lfabp, trypsin and ifabp in control larvae (M and O)
and lrh-1-tMO morphants (N and P). Q and R: Confocal scanning of lfabp:dsRed/ela2:GFP/Con and lfabp:dsRed/ela2:GFP/lrh-1/ ﬁsh at 5 dpf. S and T: The quantitation of
ﬂuorescence-positive cells of lfabp:dsRed/ela2:GFP/Con and lfabp:dsRed/ela2:GFP/lrh-1/ ﬁsh. UeW: Alkaline phosphatase staining showed that the pronephric ducts in control (U)
and lrh-1/ larvae (V and W) were indistinguishable (indicated with red arrows).
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2-phenylindole (DAPI) DNA staining to analyze the cell cycle. The
data revealed that the ratio of cells in lrh-1/ larvae entering into S
phase and G2/M phase was signiﬁcantly decreased, while the ratio
of cells at the G1/G0 phase was increased compared with control
siblings (Fig. 3K). These results suggest that LRH-1 affects the cell
cycle by slowing the transition from G1 to S phase.
2.3. The synergy between LRH-1 and Wnt/b-catenin signaling
We assessed the mechanisms by which LRH-1 affects digestive
organ development by examining its established target genes,
including c-myca, ccnd and ccne, which have been demonstrated to
be essential for cell proliferation. In situ hybridization analysis using
Dig-labeled probes showed that the transcription levels of c-myca,
ccnd and ccne were signiﬁcantly decreased in the liver, pancreas
and intestine in lrh-1/ larvae (Fig. 4AeI). Since the expression of
c-myca in lrh-1/ embryos at 48 hpf was unaffected (Fig. S3I and J),
we concluded that LRH-1 mainly regulates the expression of the
target genes after 48 hpf.
As c-myca, ccnd and ccne are also under the regulation ofWnt/b-
catenin signaling (Shtutman et al., 1999; Tetsu and McCormick,
1999; Botrugno et al., 2004; Wagner et al., 2010; Benod et al.,
2011), we proposed that LRH-1 may be involved in endoderm cell
proliferation via Wnt/b-catenin signaling. To further examine this
hypothesis, we employed heat shock-inducible DKK1-GFP TG
zebraﬁsh (HS:DKK1-GFP) to inhibit Wnt/b-catenin signalingfollowing heat shock from 2 to 4 dpf (Fig. 4J). As expected, we
observed smaller livers (85.3%, n ¼ 34), pancreases (70.3%, n ¼ 37),
and intestines (68.6%, n ¼ 35) as well as decreased expression of c-
myca (81.0%, n ¼ 21), ccne (86.4%, n ¼ 22), and ccnd (68.8%, n ¼ 16),
closely resembling the effects in lrh-1/ larvae (Fig. 4KeV). These
results suggest that Wnt/b-catenin signaling plays an essential role
in maintenance of the target genes and expansion growth of
digestive organs.
More importantly, injection of lrh-1 mRNA into 1-cell stage
embryos led to an increase in dorsal fates and a decrease in ventral
fates (Li et al., 2011), as evidenced by the increased expression of
the dorsal marker chordin (chd) and the decreased expression of the
ventral marker even-skipped-like 1 (eve1) in a dose-dependent
manner (Fig. S5AeF). The aberrant phenotypes of lrh-1 over-
expressing embryos were identiﬁed as dorsalization (Yang et al.,
2015): loss of the caudal ventral ﬁn, a shorter and twisted tail,
and deformed somites (Fig. S5GeI). These results further indicated
that lrh-1 might be involved in the canonical Wnt signaling
pathway. We subsequently assessed the localization of HA-tagged
LRH-1 molecules. LRH-1 was distributed in the nucleus of trans-
fected human embryonic kidney 293T (HEK293T) and L8824 cells
(Fig. 5A and B), consistent with the previously described localiza-
tion of b-catenin 1 and 2 (Liu et al., 2013; Lu et al., 2014). As LRH-1 is
a ligand-activated transcription factor (Ortlund et al., 2005), we
speculate that LRH-1 maymediate the transcription of target genes
or participate in Wnt/b-catenin signaling in the nucleus. To test the
ability of LRH-1 to activate Wnt/b-catenin signaling, we used the
Fig. 3. lrh-1 depletion causes defective proliferation in digestive organs. AeC: Lateral view of 72 hpf larvae after staining with pH3 and a FITC-labeled secondary antibody. DeF: pH3
staining on cryosections. Green: pH3 staining, blue: DAPI staining. GeI: BrdU staining on cryosections. Compared with the control siblings (A, D and G), lrh-1/ larvae showed
decreased proliferation (B, C, E, F, H and I). L: liver, P: pancreas, I: intestine. J: The BrdU incorporation ratios. The ratios were obtained after counting BrdU-labeled cells versus total
cells in the liver, pancreas and intestine from control and lrh-1/ larvae. *, P < 0.05. K: Cell cycle analysis of ﬂuorescence-positive cells from lfabp:dsRed/ela2:GFP/Con and
lfabp:dsRed/ela2:GFP/lrh-1/ larvae.
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catenin 1 and 2 in the presence and absence of LRH-1 in HEK293T
cells. A 3.5-kb region upstream of the zebraﬁsh ccnd and ccne
transcription initiation sites was cloned into pGL3-basic vector. The
vector pTK-Renilla served as a control. Cells transfected with LRH-1
or b-catenin both exhibited signiﬁcantly enhanced reporter activity,
whereas cells co-transfected with LRH-1 and b-catenin showed the
highest increase in the relative luciferase activity of ccnd (Fig. 5C). In
ccne-pGL3 transfected cells, although both LRH1 and b-catenin
failed to activate luciferase activity, the combination of these pro-
teins could signiﬁcantly activate relative luciferase activity
compared with control groups (Fig. 5D). These data suggest that
LRH-1 activates the transcription of Wnt/b-catenin signaling target
genes by acting as a co-activator of b-catenin 1 and 2 to induce the
expression of the target genes.
To further elucidate the mechanisms underlying the LRH-1-
mediated transcriptional activity of b-catenin 1 and 2, we per-
formed co-immunoprecipitation (CO-IP) assays in HEK293T cells.
As expected, zebraﬁsh LRH-1 strongly interacted with b-catenin 1
and 2 (Fig. 5E).
2.4. PC is the upstream target of LRH-1 during endoderm
organogenesis
PL has been reported to directly modulate the activity of tran-
scription factors involved in lipid homeostasis by favoring the
interaction of LRH-1 with transcriptional coactivators (Ortlund
et al., 2005; Chand et al., 2010; Blind et al., 2014). We hypothe-
sized that a similar mechanism, as indicated in the previous study
(Ortlund et al., 2005; Blind et al., 2014), may be executed by PL/
LRH-1 in zebraﬁsh endoderm organ development. We treated
wild-type embryos from 2 to 4 dpf with PC, PS, PG and PIPs and
detected the developmental consequences of digestive organs.
Surprisingly, 5 mg/mL of PC, but not PS, PG and PIPs, resulted in an
enlargement of the liver, pancreas and intestine (Fig. S6). More
speciﬁcally, the over-expansion effect on endoderm organs was lost
in both HS:DKK1-GFP TG larvae and lrh-1/ larvae (Fig. 6AeU).
As PC is abundant in maternal yolk in zebraﬁsh (Fraher et al.,
2016), a morpholino speciﬁcally targeting the translation startregion of phosphatidylcholine transfer protein (pctp) (pctp-tMO) was
designed and injected into the zebraﬁsh embryos at the 1-cell stage
to inhibit the transfer of PC (Kanno et al., 2007). In situ hybridization
of pctp-tMO morphants at 84 hpf using probes directed against
lfabp, trypsin and ifabp showed similar phenotypes as lrh-1/
larvae and lrh-1-tMO morphants: hypoplastic liver, exocrine
pancreas (48.5%, n ¼ 33) and intestine (41.4%, n ¼ 29) (Fig. 6VeY).
These results suggest that PC is the upstream target of LRH-1 during
endoderm organogenesis. We also performed in vitro luciferase
assays using HEK293T cells and observed that PC signiﬁcantly
promotes the transcriptional activity of the target gene in a LRH-1-
dependent manner (Fig. 6Z).
3. Discussion
Endoderm organogenesis can be divided into different stages:
cell fate speciﬁcation, bud formation, expansion growth and dif-
ferentiation (Wells and Melton, 1999; Zaret, 2002). Many signaling
pathways have been implicated in these processes, including the
Bmp, Notch, Fgf, Wnt/b-catenin and RA signaling pathways
(Stafford and Prince, 2002; Lorent et al., 2004; Dong et al., 2007;
Shin et al., 2007; Chung et al., 2008). Although conditional inhibi-
tion of Bmp and Fgf signaling utilizing hsp70l:dnBmpr-GFP TG and
hsp70l:dnfgfr1-GFP TG embryos at 18 hpf, respectively, sharply
reduced or even abolished the liver, these pathways were not
crucial for the maintenance of speciﬁed liver progenitors, as the
livers appeared normal when Bmp or Fgf signaling was inhibited at
30 hpf (Shin et al., 2007). Liver and other organ defects occur in
mice harboring jagged 1 and notch 2mutations. Multiple jagged and
notch genes are expressed in the developing liver in zebraﬁsh and
are required for liver, pancreas and biliary development (Lorent
et al., 2004). However, the expression of the Notch target gene
her6 was also unaffected in lrh-1/ larvae (data not shown). In
neckless mutant zebraﬁsh harboring a mutation in the RA-
biosynthesis gene retinaldehyde dehydrogenase type 2, the endo-
crine pancreas, exocrine pancreas, pancreatic precursor cells, liver,
and liver precursor cells were all strongly decreased. Moreover, RA
signaling is also required for the development of anterior/posterior
axis, nervous system and hindbrain patterning (Kolm et al., 1997;
Fig. 4. Conditional inhibition of Wnt/b-catenin signaling phenocopies the depletion of lrh-1. AeI: Expression of c-myca, ccne and ccnd. Compared with the control siblings (A, D and
G), lrh-1/ larvae showed decreased expression of c-myca, ccne and ccnd (B, C, E, F, H and I). J: Schematic diagram of the heat shock treatment timeline. From 2 to 4 dpf, HS:DKK1-
GFP TG embryos are incubated for 30 min at 38C every 12 h. The points of heat shock are indicated with red arrows. KeP: Expression of c-myca, ccne and ccnd in HS:DKK1-GFP
larvae and control siblings heat shocked from 2 to 3 dpf. Compared with the control siblings (K,M and O), HS:DKK1-GFP TG larvae showed decreased expression of the target genes
(L, N and P). QeV: Expression of lfabp, trypsin and ifabp in HS:DKK1-GFP larvae and control siblings heat shocked from 2 to 4 dpf. Compared with the control siblings (Q, S and U),
HS:DKK1-GFP TG larvae showed hypoplastic digestive organs (R, T and V). Red arrows indicate the liver, green arrows indicate the pancreas and yellow arrows indicate the intestine.
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LRH-1 does not participate in the signaling pathway of Bmp, Fgf,
Notch and RA in endoderm organogenesis.
Overexpression of lrh-1 increased dorsal fates and decreased
ventral fates, suggesting that LRH-1 could be involved in Wnt/b-
catenin signaling (Li et al., 2011; Yang et al., 2015). Loss-of-function
of lrh-1 in zebraﬁsh resulted in hypoplastic endoderm organs, e.g.,
the liver, pancreas, intestine and swim bladder, consistent with
observations made in a loss-of-function of Wnt/b-catenin signaling
model in HS:DKK1-GFP TG zebraﬁsh larvae heat shocked from 2 to
4 dpf (Figs. 2 and 4). Notably, lrh-1/ embryos at 48 hpf showed
normal speciﬁcation and bud formation of endoderm organs
(Fig. S3). The results of the Wnt/b-catenin signaling manipulation,subcellular localization, luciferase and CO-IP assays suggest that
LRH-1 is a co-activator of Wnt/b-catenin signaling. In fact, the
expression pattern of lrh-1 in endoderm cells perfectly matched the
phenotype displayed in lrh-1/ embryos. These ﬁndings suggest
that LRH-1 acts as a cell proliferation factor to regulate the
expansion growth of digestive organs. Considering the normal
speciﬁcation and bud formation in lrh-1/ embryos at 48 hpf, we
conclude that LRH-1 is primarily involved in the expansion growth
of digestive organs.
FACS analysis revealed that lrh-1/ ﬁsh showed an increased
ratio of cells at the G1 phase and a decreased ratio of cells pro-
gressing through the S phase and entering the G2 phase (Fig. 3K).
These data demonstrate that LRH-1 promotes G1 to S phase
Fig. 5. Biochemical analysis of the interaction between zebraﬁsh LRH-1 and b-catenin 1 or 2. A and B: Subcellular localization of LRH-1 in HEK293T cells (A) and L8824 cells (B). The pCMV-HA-lrh-1 construct was transfected into
HEK293T cells and L8824 cells. Cells grown on slides were stained with a rabbit anti-HA primary antibody and a goat anti-rabbit-Cy3/FITC secondary antibody 24 h post transfection. The nuclei were stained with DAPI (blue). C: The
relative luciferase activities of ccnd luciferase assays normalized to Renilla. D: The relative luciferase activities of ccne luciferase assays normalized to Renilla. *, P < 0.05; **, P < 0.01. N.S., no signiﬁcance. E: The exogenous HA-tagged LRH-
1 co-immunoprecipitates with c-Myc-tagged b-catenin 1 and 2. HA-LRH-1 and c-Myc-b-catenin 1 or 2 were transfected into HEK293T cells. Anti-HA antibody-conjugated agarose beads were used for immunoprecipitation. Antibodies
against HA and c-Myc were used for Western blot analysis. Western blot using rabbit IgG served as a negative control.
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Fig. 6. PC acts on the upstream of LRH-1. AeE: Confocal scanning of lfabp:dsRed/Con and lfabp:dsRed/lrh-1/ ﬁsh at 4 dpf, following exposure to PC or ethanol. A and C: Ethanol-
treated larvae. B and D: PC-treated larvae. E: Bar charts represent the quantiﬁcation and statistical analyses of liver and pancreas size. *, P < 0.05; N.S., no signiﬁcance. FeQ: In situ
hybridization on control siblings and lrh-1/ larvae using probes against lfabp (FeI), trypsin (JeM) and ifabp (NeQ), following exposure to ethanol or PC. F, J and N: Ethanol-treated
control larvae. G, K, and O: PC-treated control larvae. H, L and P: Ethanol-treated lrh-1/ larvae. I,M and Q: PC-treated lrh-1/ larvae. ReU: In situ hybridization on heat shocked
control siblings and HS:DKK1-GFP larvae using probes against lfabp and trypsin, following exposure to ethanol or PC. R: Ethanol-treated control larvae. S: PC-treated control larvae.
T: Ethanol-treated HS:DKK1-GFP larvae. U: PC-treated HS:DKK1-GFP larvae. VeY: In situ hybridization using probes against lfabp, trypsin and ifabp on control larvae (V and X) and
pctp-tMO morphants (W and Y). Red arrows indicate the liver, green arrows indicate the pancreas and yellow arrows indicate the intestine. Z: The relative luciferase activities of
ccnd luciferase assays normalized to Renilla. The relative luciferase activity activated by LRH-1 was signiﬁcantly enhanced after PC treatment.
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tion by inducing expression of the target genes, ccne, ccnd and c-
myca, which are also implicated in the regulation of Wnt/b-catenin
signaling (He et al., 1998; Shtutman et al., 1999; Tetsu and
McCormick, 1999; Botrugno et al., 2004; Wagner et al., 2010;
Bayrer et al., 2015). In the present study, in situ hybridization
revealed that the expression of digestive organ markers and target
genes in lrh-1/ larvae was consistent with the HS:DKK1-GFP TG
larvae after heat shock (Figs. 2 and 4).Notably, some genes, including CCAAT/enhancer-binding protein
alpha (c/ebpa), lipid processing protein lipoprotein lipase (lpl), and
peroxisome proliferator-activated receptor gamma (pparg), which
activate lipid metabolism, processing and mobilization, were
abundantly expressed in endoderm organs from 24 to 120 hpf
(Fraher et al., 2016). These results suggested that lipids might be
important in endoderm organ development. The LRH-1 ligand-
binding pocket has been previously reported to bind various PL,
including PC, PE, PG, and PIPs (Krylova et al., 2005; Li et al., 2005;
G. Zhai et al. / Journal of Genetics and Genomics 44 (2017) 307e317 315Ortlund et al., 2005). Herein, the results suggest that LRH-1 may
sense the signal from PC to regulate gene expression and expansion
growth of digestive organs during zebraﬁsh embryonic develop-
ment. More importantly, PC treatment could not rescue the
phenotype of the hypoplastic liver and pancreas in HS:DKK1-GFP
embryos after heat shock from 2 to 4 dpf, suggesting that the
stimulative effect of PC/LRH-1 onWnt/b-catenin signaling pathway
is b-catenin-dependent (Fig. 6ReU). In summary, the results of the
present study provide new evidence for the crosstalk between the
PC/LRH-1 and Wnt/b-catenin signaling pathways during develop-
ment. Moreover, we demonstrate the potential contribution of PC/
LRH-1 signaling to organogenesis and cancer cell proliferation in
the context of aberrant LRH-1/b-catenin activation.
In the previous study, a lrh-1 knockout zebraﬁsh obtained with
the TALEN strategy targeting the third exon showed a similar, but
not the same, phenotype with our results (Nissim et al., 2016). The
phenotypes with defective liver and exocrine pancreas were more
severe in the nr5a2oz3/oz3 mutant line than those observed in the
two independent mutant lines, lrh-1/-1 and lrh-1/-2, in the
present study. The results obtained with lrh-1/-1 and lrh-1/-2
mutants, heat-shocked HS:DKK1-GFP TG ﬁsh, and wild-type
zebraﬁsh injected with lrh-1-tMO, showed a subtle defective
patterning of the digestive organs (Figs. 2, 4 and 6). However, unlike
the results in the present study, a complete absence of the liver and
exocrine pancreas (the intestine was not examined) has been re-
ported for nr5a2oz3/oz3 ﬁsh at 4 dpf. The differences in these ob-
servations might reﬂect different knockout sites in the lrh-1 locus
(the second exon versus the third exon), resulting in different pre-
mature products. We do not propose that there is residual tran-
scriptional activity of the 59 or 61 amino acids residues of LRH-1 in
lrh-1/ larvae, which showed a weaker phenotype of digestive
organs in the present study, as the target site of lrh-1 in the
present study is more proximal to the initiation codon ATG than in
nr5a2oz3/oz3 ﬁsh. However, it is likely that the DNA binding activity
of lrh-1 in nr5a2oz3/oz3 ﬁsh may be residual and exerts a dominant-
negative effect on the target genes. In addition, varying degrees of
color development for the in situ hybridization would result in the
different judgements of the transcripts, as different experimental
procedures may be performed. Notably, confocal scanning of
lfabp:dsRed/ela2:GFP/lrh-1/ larvae showed pattern proﬁles of the
liver and exocrine pancreas similar to the results of in situ hybridi-
zationwith lfabp and trypsin in lrh-1/ larvae (Fig. 2B, C, H, I and R).
Wnt/b-catenin signaling relies on a set of conserved proteins to
regulate cell proliferation, cell fate determination and survival and
is modulated by the levels of b-catenin (Moon et al., 2002). When
the Wnt ligand binds to its receptor frizzled and low-density li-
poprotein receptor-related protein 5/6 (LRP5/6), b-catenin accu-
mulates in the cytoplasm and translocates to the nucleus to interact
with other co-activators, such as TCF4, to activate the transcription
of the target genes. In the present study, we detailed the mecha-
nism in which PC/LRH-1 signaling plays an essential role in the
developmental process of digestive organs, e.g., LRH-1 senses
signaling from PC and acts as a co-activator of b-catenin tomaintain
target gene expression, thereby promoting expansion growth
through regulation of endoderm cell proliferation at the checkpoint
of G1 to S phase.
4. Materials and methods
4.1. Zebraﬁsh maintenance
Zebraﬁsh (Danio rerio) were maintained under standard condi-
tions at 28.5C as described in The Zebraﬁsh book (Westerﬁeld,
2000). Developmental stages of zebraﬁsh embryos were charac-
terized as previously described (Kimmel et al., 1995). All animalexperiments were approved by the Institute of Hydrobiology, Chi-
nese Academy of Sciences (Approval ID: IHB 2013724).
4.2. Whole-mount in situ hybridization
We carried out whole-mount in situ hybridization as previously
described (Thisse and Thisse, 2008). Anti-sense digoxigenin-
labeled cRNA of the following genes were synthesized and used in
the present study: lrh-1, lfabp, ifabp, trypsin, insulin, ceruloplasmin,
elastase 2, carboxypeptidase A4, c-myca, ccne2, ccnd1, pdx1, hhex,
prox1, ptf1a, chd and eve1.
4.3. Heat shock modulation of canonical Wnt signaling
Heat shock inducible DKK1-GFP TG zebraﬁsh were previously
described (Stoick-Cooper et al., 2007; Goessling et al., 2008). Brieﬂy,
the ﬁsh were heat shocked at 38C for 30 min every 12 h. Embryos
expressing GFP ﬂuorescence and non-ﬂuorescent siblings were
subsequently used as TG embryos and controls, respectively.
4.4. RT-PCR
RT-PCR was carried out to analyze the transcript levels of lrh-1
during early embryonic development. Total RNA was extracted
from 20 larvae using TRIzol (1559-026, Invitrogen, USA), and
single-stranded cDNA was synthesized using the RevertAid First-
Strand cDNA synthesis kit (K1622, Thermo Scientiﬁc, USA) with
oligo-dT primers. The following primer sequences were used for
lrh-1 RT-PCR: forward: 50-GATATCACTATGGGTTGCTGAC-30,
reverse: 50-CTGCAGGTACGCAAGGATCTTG-30.
4.5. Plasmid construction and morpholino injection
The full-length zebraﬁsh lrh-1, b-catenin 1 and 2 were cloned
into pCGN-HAM and pCMV-Myc, respectively. Morpholinos tar-
geting the translation start codon sites of lrh-1 (lrh-1-tMO, 50-
CTGACTCGACTTTAGGCAGCATGAC-30) and ptcp (ptcp-tMO, 50-
GAGCCATGATTTCTGCTCTCTTCCG-30) and a standard-MO (std-MO,
50-CCTCTTACCTCAGTTACAATTTATA-30) were synthesized at the
Gene Tools Company (USA). One nanoliter of 0.5 mM morpholino
and 0.1 ng of mRNA were microinjected into 1-cell-stage embryos
with a PLI-100A microinjector (Harvard Medical Apparatus, USA).
4.6. BrdU incorporation assay, pH3 immunostaining and TUNEL
assay
BrdU staining assays were carried out as described previously
(Wallace et al., 2005). Brieﬂy, for the BrdU labeling assays, embryos
at 72 hpf were microinjected with 1 nL BrdU (10 mM). The injected
embryos were subsequently harvested for immunostaining with
anti-BrdU antibody. The pH3 immunostainingwas performed using
the monoclonal antibody against pH3 (SC-8656-R, Santa Cruz, USA)
(Chen et al., 2005). Terminal deoxynucleotidyl transferase dUTP
nick end labeling assay (TUNEL) was carried out with an in situ cell
death detection kit (POD, Roche, USA).
4.7. Fluorescence-activated cell sorting (FACS)
The 30 ﬂuorescent larvae from lfabp:dsRed/ela2:GFP/Con or
lfabp:dsRed/ela2:GFP/lrh-1/ ﬁsh were analyzed for the percent-
age of ﬂuorescence-positive cells using ﬂow cytometry, and
40,000 cells were analyzed per sample. DAPI staining of the
ﬂuorescence-positive cells was performed to analyze the cell cycle.
Flowjo and Modﬁt were used to analyze the data.
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The luciferase reporter assay was performed in HEK293T cells as
previously described (Liu et al., 2013). To normalize the reporter
data, a Renilla luciferase control plasmid (Promega Dual-Luciferase
Reporter Assay System) was included in all transfections. The
luciferase activity in transfected cells was detected using a Sirius
Luminometer from Berthold Detection System. The data obtained
from the luciferase assay were statistically analyzed using Graph-
Pad Prism 5.0, and the differences were assessed using Student's t-
test. Data were obtained from three independent experiments.
4.9. Cell culture and transfection
HEK293T cells were grown in high glucose Dulbecco's modiﬁed
Eagle's medium (DMEM) (SH30023, Hyclone, USA) supplemented
with 10% fetal bovine serum (10099141, Gibco, USA). L8824 cells,
derived from grass carp liver, were grown in medium 199 basic
(C11150500BT, Gibco) supplemented with 10% fetal bovine serum.
Cells grown to 60% conﬂuence is recommended for transfection
with X-tremeGene HP (6366236001, Roche) according to the
manufacturer's instructions.
4.10. Co-immunoprecipitation (CO-IP)
CO-IP using Pierce CO-IP Kit (26149, Thermo Scientiﬁc) was
performed to determine the association between LRH-1 and b-
catenin 1 or 2. The antibodies used forWestern blot included rabbit
anti-HA (H6908, Sigma, USA) and mouse anti-c-Myc (sc-40, Santa
Cruz).
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